Heteroduplex molecules of pneumococcal DNA, prepared by cross-annealing resolved complementary strands, have been used as donors in transformation. A number of pairs of genetic markers are situated exclusively in the trans configuration in these heteroduplexes. Insertion of two markers from trans configuration into opposite DNA strands of a recipient genome should result in their segregation after one replication cycle. As a consequence, doubly transformed progeny would not appear, or would be markedly decreased. Contrary to these expectations, transformations with the heteiroduplex DNAs give as many doubly transformed progeny for unlinked marker pairs as do homoduplex DNAs. For a pair of markers that normally are weakly linked, the frequencies of cotransfer are actually greater than those observed for a mixture of two singly marked homoduplex DNAs. These results lead to the conclusion that the heteroduplex DNAs are acted upon by repair enzymes of recipient cells so that markers introduced in the trans configuration are frequently converted to the cis configuration, either before or during integration. The efficiency of this conversion suggests that the repair and integration processes may be intimately connected. It is also concluded that complete breakdown of one strand of donor heteroduplex DNA does not occur during DNA uptake by recipient cells.
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Heteroduplex molecules can be prepared from resolved complementary DNA strands of different genetic composition. This makes it possible to study the transfer of information from both DNA strands to recipient genomes. The experiments to be described show that two genetic markers, introduced from opposite DNA strands, can be integrated without subsequent segregation of two singly transformed progeny. It is therefore suggested that a repair process rearranges the newly introduced markers so that they can be situated on the same DNA strand before they are replicated.
MATERIALS AND METHODS
Transformation and Isolation of Native DNA. Transformation of pneumococcal cells (Diplococcus pneumoniae) was accomplished by methods that have already been described (1) , and the general method for isolation of purified DNA from pneumococcal cells, in which protein is removed by the chloroform-isoamyl alcohol emulsion technique, has also been described (2) .
Resolution of Complementary Strands and Preparation of Heteroduplex DNA. Resolution of complementary strands of pneumococcal DNA by salt gradient elution from methylated albumin-kieselguhr (MAK) columns has been reported (3), and is further described in the Legend to Fig. 1 . The resolution of complementary DNA strands by means of interaction with poly(U,G) (4, 5) was also used under the particular conditions described in the Legend to Fig. 2 . The poly(U,G), Lot no. 259 (1:1 copolymer), was obtained from Miles Laboratories, Inc.
Denaturation of DNA before resolution was brought about with 0.1 N NaOH at room temperature, followed by neutralization with an appropriate amount of NaH2PO4.
For preparation of heteroduplex molecules, equal amounts of resolved complementary strands, derived from two differently marked DNAs, were mixed and annealed at 650C for 1 hr in 0.5 or 0.8 M NaCl, buffered with potassium phosphate atpH 6.8.
Complementary strands of DNA from the following rough pneumococcal strains were cross-annealed: S x FaFdEKAC and SFa x Fd. The symbols stand for markers previously used in work from this laboratory (6) , signifying resistance to the following drugs or antimetabolites: S, streptomycin; Fa and Fd, sulfonamides; E, erythromycin; K, micrococcin; A, aminopterin; C, canavanine.
RESULTS

Resolution of complementary DNA strands and purity of heteroduplex DNAs
The complementary strands of denatured pneumococcal DNAs were resolved with salt gradient elution from MAK columns or by banding in a CsCI density gradient after interaction with poly(U,G). further reduction of all calculated ratios because colonyforming units rather than total cells are routinely assayed. These factors have been discussed in connection with previous work (6) . The upper portion of Table 1 gives observed/expected ratios for the unlinked marker pairs, SK, SA, and SC. In these experiments three different heteroduplex preparations were each assayed several times, and averages of values calculated for the ratios are given in the Table. Each assay included the measurement of the total number of cells transformed for the two individual markers and the number of cells transformed for both markers; the two heteroduplex DNAs and the two homoduplex DNA controls were used as donors. Within such a series the same recipient culture was used, although different batches of frozen competent cells were recipients during the course of the experiments.
For each of these unlinked marker pairs, the observed/ expected ratios are the same for the two heteroduplexes and the homoduplex controls: that is, contrary to expectations, they are independent of marker configuration. The values are about 0.1 for SK and SA, and about 0.07 for SC. With competent pneumococcal cultures a value of 0.1, rather than 0.5, corresponds to an average chain length of five. Significantly lower ratios were expected for the heteroduplexes because they can donate these marker pairs only from a trans configuration, while the two homoduplex controls can donate them either from a cis or a trans configuration.
Only "MAK" heteroduplexes are described in this Table since complete data are not available with "poly(U,G)" heteroduplexes. However, for the unlinked marker pair SA, ratios of 0.1 were observed with both "poly(UG)" heteroduplexes as well as with the homoduplex controls. * The ratio of observed frequency of doubly transformed cells to the frequency expected on the basis of random, independent integration is given by the following expression (6): (S) ( N, where (SX) is the no. of doubly transformed colonies, (S) is the total no. of (S).(X) colonies transformed to marker S, (X) is the total no. of colonies transformed to marker K, A, F, or Fd, and N is the no. of colony-forming units in the recipient culture. DNA concentrations were all in the range of half saturating to saturating (0.05-0.25 jAg of DNA/ml of culture).
Of the unlinked markers provided in the cis configuration in these heteroduplexes, one pair, FA, was studied. For this pair aU double insertions are expected to lead to doubly transformed progeny. As with the "trans" marker pairs, there is essentially no difference between the observed/expected ratios for the cis heteroduplexes and the homoduplex controls: they vary between 0.14 and 0.25 (see the lower portion of Table 1 ).
Increase in doubly transformed progeny for a weakly linked pair of markers
The behavior of linked pairs of markers in trans heteroduplexes has been studied in some detail for a weakly linked intercistronic pair and for a closely linked intracistronic pair. The weakly linked pair, S and Fd, is introduced from one particle when DNA isolated from a doubly-marked bacterial strain is the donor and from two particles when a mixture of two singly marked DNAs is donor (6) . For this pair then, the mode of uptake will be different for the two native homoduplex controls. Ratios of observed/expected double transformants, which are calculated for independent single marker uptake, should be similar to those for unlinked markers with the mixture of DNAs but not with the multiply marked DNA. The values for the latter should be higher because the calculated expectancies are too low. These predictions for the SFd pair are borne out in Table 1 ; the ratio is 0.13 for the native mixture and 1.90 for the fully marked DNA (see line 4). The heteroduplex DNAs will introduce these markers from one DNA particle, if Table 2 show essentially this behavior for the native controls, although cotransfer decreases from 5.6 to 2.1% for the fully marked DNA. Heteroduplex I (column 2) cotransfers markers S and Fd as constantly as does the fully marked DNA, decreasing from a frequency of 2.7-1.1%.
Heteroduplex II (column 4) cotransfers these markers less frequently and with perhaps some concentration dependence. At the lowest DNA concentrations that can practically be utilized, the percent cotransfer of SFd with the heteroduplexes is one hundred times and ten times that for the native mixture. The reasons for the lack of symmetry of the two heteroduplexes are still being explored. It should be mentioned that linkage for this marker pair rarely survives fully the manipulations of denaturation and annealing; usually dropping to half the normal cotransfer frequency.
Reliable data for the closely linked intracistronic pair of markers, Fa and Fd, are as yet limited. This pair was exclusively in trans configuration in these heteroduplexes. Cotransformation frequencies were similar to, or perhaps slightly increased over, those for random introduction, but no appreciable fraction of normal linkage was created for this pair, as was already known from previous work (7) (see line 6 of Table 2 ). It is important to point out once again that the double transformants do not disappear even though these markers are introduced in trans configuration.
The poly(U,G) prepared heteroduplexes were studied at one relatively low DNA concentration, and show the same pattern of marker uptake of the pair SFd for the different marker configurations (last line of Table 2 ). These data were obtained with three separately prepared reciprocal heteroduplexes.
DISCUSSION
Heteroduplex DNAs and homoduplex )NAs would be expected to integrate marker pairs in different patterns during single-strand uptake by recipient genomes. From heteroduplex donor DNA in which two markers are arranged in trans configuration, simple insertion would be into opposite DNA strands and segregation into singly transformed genomes would follow after one replication cycle. On this basis no doubly transformed progeny would appear with trans heteroduplex DNA. Homoduplex DNA could introduce two markers from a cis as well as a trans configuration. The cis insertions would not separate after replication and would give doubly transformed progeny. What has been found is that heteroduplex DNAs give frequencies of doubly transformed cells that are equal to those obtained with homoduplex DNAs. In fact, for a number of pairs of unlinked markers the frequencies are essentially the same if they are introduced only in the trans configuration, only in the cis configuration, or in both. A pair of weakly linked markers from a trans heteroduplex was cotransferred with a greater frequency than from a mixture of two singly marked homoduplex DNAs. This high cotransfer did not disappear with decreasing DNA concentration, proving that the heteroduplexes have indeed been made. A closely linked pair of markers also gave doubly transformed cells, but less frequently than the weakly linked pair with which it shared a common marker.
The appearance of undiminished or increased doubly transProc. Nat. Acad. Sci. USA 69 (1972) formed progeny where none is expected clearly indicates that trans-introduced markers can be integrated in such a way that they do not separate after replication. Semi-conservative DNA replication requires that trans-integrated markers segregate. It is therefore concluded that markers introduced in a trans configuration can be converted to a cis configuration. Excision and repair of the incoming DNA provides a likely mechanism whereby this conversion can occur. The efficiency of such repair synthesis by recipient cells must be quite high to account for the double transformants observed. This leads to the speculation that enzymatic repair is closely connected with the processes of capture and integration of donor DNA by host genomes during pneumococcal transformation.
Spatz and Trautner (8) have similarly come to the conclusion that heteroduplex transfecting DNA is frequently converted to a homoduplex before it is replicated. A difference between their work and that reported here stems from the fact that more than one DNA molecule is required for transfection, so that recombination presumably occurs between at least two transfecting DNA molecules.
It is recognized that other mechanisms can give doubly transformed cells from trans integration of two markers. Those which have been seriously considered are: (a) integration of two markers on opposite sides of a replication fork, (b) successive integration into a chromosome whose replication fork travels at least the distance separating two markers during their uptake, (c) post-replicative recombination, as has been suggested (9) . Each of these processes could give some double transformants, but these would be predicted to be considerably decreased in number (to an extent that cannot be calculated) and to show a strong dependence upon marker position on the chromosome. As yet neither of these effects have been observed. While these processes can provide for some transintegrated double transformants they do not explain undiminished doubly transformed cells.
Previous related work with transforming DNAs was performed before resolution of complementary DNA strands made the preparation of pure heteroduplex molecules possible.
Using H. influenzae DNA, and preparing hybrid molecules by denaturing and annealing an excess of singly marked DNA in the presence of a small amount of differently marked DNA, Herriott (10) found production of about 2% cotransfer between two markers that are normally 60% cotransferred when introduced from a single DNA particle. However, when it was realized that integration is single-stranded, these results were interpreted in terms of annealing artifacts (11) . Such an interpretation does not apply to heteroduplex molecules prepared from resolved strands.
Strauss (12) has recently used heteroduplex DNAs of B. subtilis in experiments designed to answer somewhat different questions. He has concluded that only rarely are both strands of the DNA used in transformation.
Some additional conclusions can be drawn from the results reported here. There is now general agreement that integration during pneumococcal transformation is from a single-stranded region of donor DNA (13, 14) . Therefore, if conversion by repair is responsible for the doubly transformed cells observed with heteroduplex DNAs, most likely it occurs before or during integration. This is so because weakly linked markers can be cotransferred from a single heteroduplex DNA molecule. This conclusion is strengthened by the observations of Guerrini and Fox (15) that conversions rarely occur after integration. The fact that closely linked markers are not converted as frequently as weakly linked markers can also be explained. Repair would most often include both markers, which are within a segment of a single cistron. It has been shown that donor DNA becomes single-stranded very shortly after uptake by recipient pneumococcal cells (13) . This observation, coupled with that of breakdown of half of the total incoming DNA, has evoked the hypothesis that one strand of DNA is destroyed during cell penetration (15) . Were this the case, only one strand of a heteroduplex molecule could be utilized and cotransfer of linked markers from trans configuration could never occur. The data just presented indicate that this cotransfer can occur rather efficiently. Therefore, complete degradation of one strand of a heteroduplex DNA is unlikely to take place before markers in the trans configuration can be converted to the cis configuration. It 
